ABSTRACT Extensive use of pyrethroid insecticides for urban pest control has led to widespread pyrethroid resistance in the German cockroach. A mutation at nucleotide position 2979 (G to C, causing a leucine to phenylalanine change) in the S6 transmembrane segment of domain II of the para-homologous voltage-gated sodium channel has been previously identiÞed in knockdown-resistant cockroaches and demonstrated by site-directed mutagenesis to reduce channel sensitivity to pyrethroids. In a recent survey, 83% of pyrethroid-resistant German cockroach populations were found to possess this mutation. A German cockroach strain with a low incidence of the L993F mutation was subjected to selection pressure with cypermethrin and subsequently evaluated over several generations for the knockdown resistance phenotype. Correspondingly, we determined the genotype of individual cockroaches of each population at the 2979 position of the para-homologous gene. Genotype was discerned by development of a polymerase chain reaction method that employed a mismatched primer-template set. A direct relationship was observed between mean knockdown time and the presence of the kdr mutation. Furthermore, individuals homozygous for the kdr mutation exhibited a signiÞcantly higher mean knockdown time than heterozygotes or wildtype cockroaches. This is the Þrst report demonstrating the progressive expression of the kdr allele in response to insecticide selection pressure.
THE PRIMARY TARGET PROTEIN for pyrethroid insecticides and DDT is the ␣ subunit of the voltage-gated sodium channel (Narahashi 1996) . Genes encoding the voltage-gated sodium channel ␣ subunit in insects were Þrst cloned and sequenced in Drosophila (Salkoff et al. 1987 [DSCI] , and Loughney et al. 1989 [para] ) and several para homologs have since been sequenced entirely or partially from additional insects exhibiting knockdown resistance (kdr or kdr-type). Among these kdr-resistant insects, point mutations leading to amino acid substitutions were observed in the S6 transmembrane segment of domain II in Musca domestica L. L1014F (Williamson et al. 1993) , Blattella germanica (L.) L993F (Miyazaki et al. 1996 , Dong 1997 , Heliothis virescens (F.) L1029H (Park and Taylor 1997) , Hematobia irritans (L.) L150F (Guerrero et al. 1997) , Plutella xylostella (L.) L1014F (Schuler et al. 1998) , and Leptinotarsa decemlineata (Say) L1014F (Lee et al. 1999 ). These mutations have been consistently linked to, or associated with, kdr expression (Taylor et al. 1993 , Williamson et al. 1993 , Dong and Scott 1994 , Knipple et al. 1994 , Miyazaki et al. 1996 , Dong 1997 , Guerrero et al. 1997 , Park and Taylor 1997 , Dong et al. 1998 . However, more direct evidence that the kdr mutation is responsible for knockdown resistance has been reported recently. Heterologous expression of kdr ␣ subunits with the L to F change in the IIS6 region reduced channel sensitivity to pyrethroid insecticides compared with wildtype channels (Smith et al. 1997 , Vais et al. 1997 , Schuler et al. 1998 , Tan et al. 2003 .
IdentiÞcation of the kdr point mutation in individual insects is labor intensive, often requiring ampliÞ-cation of the mutation-containing region, cloning, and subsequent sequencing. However, transversion mutations can sometimes be detected quickly through the use of primer-template mismatch polymerase chain reaction (PCR) (Kwok et al. 1990 ). Indeed, this method has been successfully employed to detect the kdr-type allele of the para-homolog in Anopheles gambiae Giles .
We subjected a strain of German cockroach known to possess the kdr-type allele to selection pressure with cypermethrin and subsequently evaluated each representative generation for the kdr phenotype. Correspondingly, we determined the genotype of individual cockroaches at nucleotide position 2979 of the para-homologous gene, the site of the kdr-type mutation that results in a leucine to phenylalanine change. To discern the genotype of individuals, we developed a PCR method that exploited a primertemplate mismatch (Kwok et al. 1990 ).
Materials and Methods
Insects and Cypermethrin Selection. The insecticide-susceptible Orlando strain of German cockroach was used as the wildtype for comparison. Marietta strain, which is known to possess the G2979C mutation of the para-homolog associated with kdr-type resistance (Dong et al. 1998) , was subjected to selection pressure with cypermethrin. Adult females were treated topically with 1 l of acetone containing cypermethrin capable of causing Ϸ90% mortality in 24 h. Surviving females were placed together in a rearing container with food and water. Progeny from the surviving females were allowed to develop undisturbed for Ϸ3 generations (24 wk) before experiments were conducted. A total of four selection iterations were conducted, resulting in Þve distinct populations, designated Marietta (parental), Marietta-1, Marietta-2, Marietta-3, and Marietta-4. It must be noted that each Marietta population was not a distinct Þlial generation because extended growth times in the absence of selection pressure resulted in overlapping generations. However, each population (Marietta and Marietta-1, Ϫ2, Ϫ3, and Ϫ4) was maintained separately as distinct strains.
Chemicals. Technical-grade S,S,S-tributyl phosphorotrithioate (DEF) and cypermethrin (48% trans, 50% cis) were purchased from ChemService (West Chester, PA). Piperonyl butoxide (PBO) was purchased from Aldrich (Milwaukee, WI).
Bioassays. Lethal dose values (LD 50 ) were determined for each strain by topical insecticide bioassay. Adult males were anesthetized with CO 2 and treated topically with cypermethrin in 1 l of acetone (Valles and Koehler 1994) . The cypermethrin solution was applied to the Þrst abdominal sternite in Þve concentrations, causing Ͼ0% and Ͻ100% mortality. At least three replications containing 10 cockroaches per dose were conducted. Mortality, the inability of a cockroach to right itself within 10 s after being ßipped onto its dorsum, was recorded 24 h after insecticide treatment. Resistance ratios were calculated by dividing the LD 50 of the selected population (Marietta, Marietta-1 to -4) by the corresponding LD 50 of the susceptible strain (Orlando).
Knockdown bioassays were conducted as described previously (Dong et al. 1998) . Adult male cockroaches (50) were treated topically with 100 g of PBO and 30 g of DEF in 1 l of acetone. After 1 h, the cockroaches were placed into 0.47-liter jars (25 cockroaches/jar) coated with 300 g of cypermethrin per jar. When cockroaches were knocked down (unable to exhibit coordinated walking when prodded with forceps) they were removed from the jar, placed into a microcentrifuge tube, ßash frozen in liquid nitrogen, and stored at Ϫ80ЊC. Concomitantly, the knockdown time for each individual cockroach was recorded.
Cloning, Sequencing, and Multiplex PCR. Total RNA was isolated from each cockroach used in the knockdown bioassay. Cockroaches were removed from Ϫ80ЊC storage and homogenized immediately in 1 ml of TRIZOL Reagent (Invitrogen, Carlsbad, CA). The homogenate was treated with 200 l of chloroform, and the mixture was vortexed for 15 s followed by centrifugation at 16,000 ϫ g for 20 min. The aqueous layer was transferred to a new microcentrifuge tube. RNA was precipitated by addition of isopropanol (500 l) and subsequent centrifugation at 16,000 ϫ g for 10 min. The pellet was suspended in 200 l of diethyl pyrocarbonate (DEPC)-treated water. The RNA pellet was further puriÞed by acidic phenol:chloroform extraction followed by precipitation with isopropanol.
First strand cDNA was synthesized from 2.5 g of total RNA from each cockroach using the SUPER-SCRIPT First-Strand Synthesis System for reverse transcriptase (RT)-PCR according to the manufacturerÕs instructions (GIBCO BRL, Rockville, MD). An oligonucleotide primer, RT-PCRkdr (Table 1) , was designed for cDNA synthesis of the region encompassing the G to C kdr-type mutation at nucleotide position 2979 (Miyazaki et al. 1996 , Dong 1997 . The primer corresponded to the area between nt 3428 and 3452 (inclusive), which is 473 bp downstream of nt 2979.
Exploiting the mismatched primer-template method (Kwok et al. 1990 ), two sets of primers (Table  1) were designed to selectively amplify a portion of either the wildtype or mutated (kdr-type) para-homolog. One set of primers (blue 236) selectively ampliÞed a 236-bp fragment from cDNA possessing the G2979C mutation (Fig. 1) . The other primer set (red 336) selectively ampliÞed a 336-bp fragment from wildtype cDNA (i.e., G at nt 2979). The selective nature of the primers was conferred by a single nucleotide mismatch at the 3Ј end of the primer that coincided with the nucleotide at position 2979 of the para homolog (Fig. 1) . The red antisense primer (red 336AS) was synthesized with a C at its 3Ј end, corresponding to the 2979 position. This primer was complimentary to the sense strand of the wildtype cDNA; however, the primer was not complimentary at the terminal 3Ј base position in kdr-type cDNA. Hence, the wildtype fragment would be expected to amplify but the kdr-type fragment would not. Conversely, the Blue 236 primer set was mismatched with wildtype, but not mutated kdr-type, cDNA. In this case, the wildtype fragment would not amplify, while the kdrtype fragment would. These primer sets (red 336S/ 336AS and blue 236S/236AS) were used simultaneously (multiplex). The red 336S and blue 236AS primers also provided an internal standard to evaluate the integrity of the cDNA preparation by amplifying a 526-bp fragment common to both genotypes (Fig. 1) . Hot-start PCR was conducted in a thermal cycler (PTC 100, MJR, Waltham, MA) under the following optimized temperature regimen: one cycle at 94ЊC for 2 min, and 35 cycles at 94ЊC for 15 s, 57.5ЊC for 15 s, and 68ЊC for 30 s, followed by 10 min at 68ЊC. The reaction was conducted in a 50 l volume containing 2 mM MgCl 2 , 200 M dNTP mix, 1 U of Platinum TaqDNA polymerase (Invitrogen), 0.1 M of each primer, and 0.5 l of the cDNA preparation. A 329-bp fragment encompassing nucleotide position 2979 (speciÞcally nt 2864 Ð3192) was ampliÞed using the primers blue 236AS and 2864 (Table 1) and cloned from an adult male cockroach of the Orlando and Marietta-4 strains. To improve the chances of obtaining cockroaches with the wildtype (G at nt 2979) and kdr-type (C at nt 2979) para-homolog, the cockroaches were subjected to the residual bioassay described above. Among 50 cockroaches of each strain, the Þrst Orlando cockroach and the last Marietta-4 cockroach knocked down were used for RNA preparation and subsequent cloning. In addition, a 1,261-bp fragment (from nucleotide 1078 Ð2338) of the para-homolog was ampliÞed using the primers PH1078S and PH2317AS (Table 1) and cloned from the Þrst and last two Marietta-4 individuals knocked down in the residual cypermethrin bioassay. The cloned fragment encompassed two additional mutations (G to A at nt 1300, resulting in E434K, and T to C at nt 2290, resulting in C764R) reported previously to be associated with increased knockdown resistance to pyrethroids (Liu et al. 2000) . The ampliÞed fragments were separated on low melting point agarose and extracted from the gel using the Prep-A-Gene DNA puriÞcation system (Bio-Rad, Hercules, CA). Fragments were ligated into pCR 2.1 (Invitrogen). The ligated mixtures were transformed into XL10-Gold Ultracompetent cells (Stratagene, La Jolla, CA). Insert-positive clones were identiÞed, and DNA sequences of inserts were elucidated by the University of Florida, Interdisciplinary Center for Biotechnology Research Sequence Laboratory (Gainesville, FL).
The mean knockdown time for each generation was correlated with the prevalence of the kdr allele by Pearson correlation using the CORR procedure (SAS Institute 1988) . Mean time to knockdown for each genotype (RR, Rr, rr) was also evaluated by analysis of variance (ANOVA), and means were separated by Scheffé multiple comparison procedure (SAS Institute 1988).
Results and Discussion
With the exception of the last population (Marietta-4), cypermethrin resistance level increased signiÞ-cantly with each selection iteration (Fig. 2) . The cypermethrin resistance ratio compared with the Orlando insecticide-susceptible strain increased from 3.6-fold in Marietta (parental) to 35-fold in Marietta-4. These data indicated that the insecticide treatment regimen successfully selected for cypermethrin-resistant cockroaches. In addition, knockdown resistance increased concomitantly with each selection iteration (Fig. 3) ; mean knockdown time increased incrementally from 37 min in Marietta to 177 min in Marietta-4.
We cloned a small fragment (329 bp) of DNA encompassing position 2979 (where the kdr-type point mutation is known to reside) of the para-homologous voltage-gated sodium channel from wildtype and kdrtype cockroaches to verify the presence of the kdrtype mutation. Fragments cloned from the insecticide-susceptible Orlando strain and knockdownresistant Marietta-4 population differed at nucleotide position 2979 as reported previously (Miyazaki et al. Fig. 1 . Schematic representation of multiplex PCR used to discern the kdr genotype in individual German cockroaches and each representative banding pattern after separation on a 1.2% agarose gel. Two sets of primers were designed to asymmetrically encompass the position of the kdr mutation at nucleotide 2979 (indicated as G or C). Lane A is a 336-bp amplicon from a homozygous susceptible cockroach (RR). Lane B is a 226-bp amplicon from a homozygous resistant cockroach (rr). Heterozygotes also were detectable because both alleles were ampliÞed simultaneously (lane C, 226-and 336-bp fragments). Lane D is the banding pattern produced when cDNA from homozygotes (RR and rr) was mixed together and subsequently ampliÞed. The last unlabeled lane is a series of fragment standards; base pair size is indicated to the right of the gel.
1996, Dong 1997); Orlando cockroaches possessed a G and Marietta-4 cockroaches a C (Fig. 4) . This point mutation results in a leucine to phenylalanine change at position 993 of the para protein. cDNA prepared from these cockroaches was subsequently used to establish and optimize the primer-template-mismatch PCR method for genotyping.
The genotype of each individual cockroach was able to be discerned unambiguously using the primer-template-mismatch PCR method (Kwok et al. 1990) . Two sets of primers were designed to asymmetrically encompass the position of the kdr-type mutation at nucleotide 2979 (Fig. 1) . Transversion mutations, such as the one exhibited by kdr-type German cockroaches (G to C at nt 2979), are ideal for genotyping by the primer-template-mismatch PCR method because C:C mismatches at the 3Ј terminal base (primer) have been shown to reduce PCR efÞciency by 100-fold (Kwok et al. 1990 ).
The primer-template-mismatch PCR assay provided a relatively easy method to examine the relationship between knockdown time (phenotype) and the kdr mutation (G2979C) in a single cockroach. When mean knockdown time for each cypermethrinselected population was correlated with the prevalence of the kdr allele, a signiÞcant correlation (r ϭ 0.907, P ϭ 0.012) was observed (Fig. 5) ; mean knockdown time increased concomitantly with an increase in the frequency of the kdr allele. Furthermore, the mean knockdown time among cockroaches homozygous for the kdr allele was signiÞcantly greater (3.8-fold) than either the homozygous wildtype or heterozygous cockroaches. Martinez-Torres et al. (1998) employed a similar approach to show a direct rela- Fig. 3 . Cumulative knockdown times for each German cockroach population. tionship between permethrin survival and frequency of the kdr allele among different Þeld populations of Anopheles gambiae Giles.
Despite the consistent identiÞcation of a similar single-base mutation in the IIS6 region of para-homologs of pyrethroid-and DDT-resistant insect species, it must be noted that our data provide only a correlation between phenotype and genotype, and as such, do not provide for a causal relationship between knockdown time and the prevalence of the kdr mutation. Indeed, it appeared that possession of the kdr mutation did not always confer enhanced knockdown resistance to cypermethrin among all cockroaches equally. For example, some of the homozygous resistant individuals were knocked down by cypermethrin in the same amount of time as insecticide-susceptible cockroaches possessing the wildtype genotype. SpeciÞcally, the Þrst 8% of Marietta-4 cockroaches used in the genotyping assay, all of which were homozygous for the kdr allele, were knocked down as quickly as the last 20% of insecticide-susceptible (Orlando) cockroaches expressing the wildtype genotype (Fig. 3) . Several factors may have contributed to this apparent discrepancy. First, the residual insecticide bioassay used to measure the knockdown time of cockroaches was subjective. The endpoint, knockdown, deÞned as the inability of a cockroach to exhibit coordinated walking on prodding with forceps, is considerably more difÞcult to measure precisely than, for example, death (the absence of movement). So, the kdr mutation may have conferred a quantiÞable level of knockdown resistance to cypermethrin, but poor resolution of the bioassay masked this result. Second, despite the use of synergists to mitigate the contribution of met- abolic detoxiÞcation, differential susceptibility may be responsible for the overlap in knockdown time among wildtype and kdr-type genotypes. It has been demonstrated that detoxiÞcation enzymes may not be equally inhibited by PBO or DEF (Valles and Yu 1996) , and in certain situations, resistance to synergists has been known to develop (Hung and Sun 1989) . However, the cockroaches were only selected with cypermethrin; no synergists were used in the selection process. Hence, it seems unlikely that resistance to PBO or DEF would have resulted. Indeed, in vitro cypermethrin metabolism studies revealed no differences in inhibition by PBO or DEF among any of the selected strains (data not shown). Third, para is known to be alternatively spliced, which could modulate pyrethroid resistance depending on the form(s) expressed (Thackeray and Ganetzky 1994) . have shown that alternative splicing of insect sodium channel genes generate channels with differential sensitivities to deltamethrin. Finally, as was hypothesized earlier (Liu et al. 2000) , additional mutations in the German cockroach para-homolog may increase the knockdown resistance of individuals. The L993F mutation alone conferred only a low level of insensitivity (Þve-fold) to deltamethrin in heterologously expressed para channels (Tan et al. 2003) . However, when the L993F mutation was combined with one of two additional mutations identiÞed from highly knockdown-resistant German cockroaches, E434K and C764R, channel sensitivity to deltamethrin was reduced by 100-fold. Furthermore, when both mutations (E434K and C764R) were expressed with the L993F mutation, channel sensitivity to deltamethrin was reduced by 500-fold. Neither of these additional mutations (E434K or C764R) alone decreased channel sensitivity; they were only effective at decreasing channel sensitivity when co-expressed with the L993F mutation. Similar modulation of the L1014F mutation by an additional mutation (M918T) in the Vssc1 gene of the house ßy was reported by Lee et al. (1999) .
In an effort to test the hypothesis of additional modulating mutations in vivo, we cloned a fragment of the para-homolog encompassing the area in which these additional mutations (T to C at nt 2290 and G to A at nt 1300) are known to reside from the Þrst two and last two Marietta-4 individuals knocked down in the cypermethrin residual bioassay. The clones were subsequently sequenced, and none were found to possess either of the additional mutations (E434K and C764R). Although they were not found in the highly knockdown resistant Marietta-4 strain, their possible contribution to kdr, as hypothesized earlier by Liu et al. (2000) , is not necessarily refuted. It may be simply that the Marietta (parental) strain did not possess these additional mutations, and as a result, were incapable of being selected.
Consistent identiÞcation of single base mutations resulting in an L to F (or equivalent) change in the IIS6 region of at least eight different insect para-homologs and, demonstration of reduced pyrethroid sensitivity in wildtype voltage-gated sodium channels modiÞed with this mutation by site-directed mutagenesis provides overwhelming evidence of the role of this mutation in insect knockdown resistance . Despite some overlap in phenotype (knockdown resistance) among kdr-type and wildtype individuals, cypermethrin selection resulted in a population (Marietta-4) nearly isogenic for the kdr-type mutation (G2979C). These data provide the Þrst demonstration of the progressive expression of the kdr-type allele (G2979C) in response to pyrethroid insecticide pressure. Also, we provide an easy, deÞnitive method for determining the genotype of this allele in individual cockroaches. Not only should this method prove useful in genetic studies but also may be employed in a resistance management capacity.
